I. INTRODUCTION
The physics of critical phenomena and phase transitions is often a study of pressure-temperature ambivalence defining the ubiquitous phase plane that characterizes both first-and second-order phase transitions. A classic example is the tricritical phase point where all three phases simultaneously co-exist; while the discontinuous jump of latent energy could drive first order phase transition, "walking around" the phase boundary could be achieved through continuous transition 1, 2 . In most ferromagnets, the transition from the high-temperature disordered paramagnetic (PM) phase to the ferromagnetic (FM) ground state is second-order and characterized by a continuous development of magnetization below the transition point. But in some systems, FM transition often demonstrates discontinuous change in magnetization along the hysteresis path. Colossal magnetoresistive manganite is a representative example of this class of systems. In manganites RE 1−z AE z MnO 3 (RE for rare earth ions and AE for alkaline earth ions), the nature of phases and transitions strongly depend on the bandwidth of the system as well as local disorder (also known as quenched disorder), arising due to the size mismatch between RE and AE cations [3] [4] [5] [6] [7] [8] [9] [10] [11] . Such disorder reduces the carrier mobility, the formation energy of lattice polarons which effectively truncates the FM phase and leads the transition towards first-order 11 . It has been observed that manganite with highest FM-PM transition temperature (T F M −P M ), La 1−z Sr z MnO 3 with 0.2< z <0.5 undergoes conventional second-order phase transition, whereas the lower T F M −P M manganites such as Eu 1−z Sr z MnO 3 with 0.38< z <0.47 show evidences of strong first-order FM transition 12, 13 . Although the order of phase transition is system dependent, it can change under the influence of various parameters. A change from first-to second-order FM transition under the influence of various external and internal perturbations is found in several theoretical [14] [15] [16] [17] [18] [19] and experimental works [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . Among the manganite systems, particularly, which are very susceptible to perturbations, Sm 1−z Sr z MnO 3 (a narrow band manganite with relatively large disorder) is one of the prime candidate and a lot of analysis on FM-PM phase transition have been done [23] [24] [25] [26] [27] [31] [32] [33] [34] [35] [36] [37] [38] . For Sm 1−z Sr z MnO 3 (z=0.45-0.48), FM transition at ambient condition is first-order and the transition is extremely sensitive to several parameters such as magnetic field, pressure, chemical substitution or oxygen isotope exchange, etc. [23] [24] [25] [26] [27] 31, [34] [35] [36] [37] [38] .
In presence of external magnetic field (H) and pressure (P ), the FM transition shifts towards the higher temperature while the width of thermal hysteresis in magnetization decreases gradually and eventually vanishes at a critical magnetic field-pressure phase point (H C , P C ), above which the transition becomes second-order. Similar to external pressure, the application of chemical/ internal pressure (which can be modulated by stoichiometric control) also increases the T F M −P M as observed in the partial substitution of Nd at Sm-site of
with z=0.45 and 0.48. The effect of Nd doping on the nature of FM transition is quite similar to that of external pressure, i.e., there exist a critical concentration (x C ) above which the FM-PM phase boundary changes from first to second order. In other words, using parametric control of key pressure-temperature values, the first order FM transition in Sm 1−z Sr z MnO 3 (z=0.45 and 0.48) could be changed over to its second ordered equivalent. Not only in (Sm,Sr)MnO 3 , the existence of tricritical points in several other manganite systems have also been observed, which will be discussed later.
On the theoretical modeling side, few works on FM-PM phase transition of manganites have been reported [16] [17] [18] [19] but none of them characterize the nature of such phase transitions under the presence of all three external parameters -pressure, temperature and magnetic field. This is the principal focus of the present study, namely to analyze phase transition in the three dimensional phase volume. Our approach is based on a generalized version of Landau theory, integrating all three variables/ parameters. We show that both transition temperature and hysteresis width vary when these parameters change. In a particular cases, there exist tricritical points at which firstorder FM-PM transition changes to second-order. In order to illustrate the presented picture, we analyze the experimental data of our previous works 24, 26, 35 on Sm 0.52 Sr 0.48 MnO 3 single crystal, an extensively studied material showing a first-order FM transition.
II. THEORY
In this section, we model the critical behavior related to the FM-PM phase transition in the presence of magnetic field, pressure and chemical substitution based on Landau theory. First we discuss the effect of external magnetic field on the first-order FM phase transition.
A. Effect of external magnetic field on the FM-PM phase transition
The magnetic order is described by the magnetization M = Mm such that M = 0 defines the PM state and M = 0 represents the FM state. Expanding the free energy density around M = 0, the magnetic free energy density in the presence of external H can be written as
where F 0 and M S are free energy density of PM phase and saturation magnetization, respectively.
In Eq.(2.1), the coefficient A can be assumed as A = a(T − T * ) = aτ , where a is a positive constant and T * is the virtual transition temperature 2 . The other coefficients B and C are assumed to be temperature-independent and positive. In the absence of magnetic field (H = 0), the free energy density describes a first-order FM-PM phase transition for B > 0 while transition is second-order for B < 0. However, in presence of external field (H = 0), the transition may become second-order even for B > 0. In terms of scaled magnetization m = M M S and scaled magnetic field h = HM S , the free energy density can be written as
The minimization of Eq.(2.2) gives
from which one can obtain the differential equation for susceptibility (defined as χ =
where m is the spontaneous magnetization, which can be obtained from Eq. 
The complete solution of Eq. (2.3) shows the variation of m(τ ) with the temperature difference Under the influence of h (h < h C ), there is a shift in the first-order FM transition temperature, which can be calculated from the conditions F − F 0 = 0 and ∂F ∂m = 0, as To study the pressure dependent change in FM-PM transition, we consider a strong coupling between magnetic order parameter and lattice strain. So the free energy density in the presence of external pressure can be written as
The cross-coupling terms η 1 and δ 1 are assumed to be positive and they characterize the coupling strength between the magnetic order parameter and strain tensor . strain. In terms of scaled magnetization m, F can be rewritten as . Equation (2.9) shows that strain changes with temperature and pressure since m changes with temperature. Elimination of in Eq. (2.8) yields
where
2u and the renormalized coefficients are given by
The value of the magnetization in the ferromagnetic state can be calculated after the minimization of Eq. (2.10) and can be expressed as we have plotted m 2 as a function of temperature for different pressure (Fig. 3) . This is done for a set of phenomenological parameters for which the FM-PM transition is possible. From Fig.   3 , one can see that with increasing pressure, both magnetization and FM transition temperature increase, whereas the jump of the order parameter at the transition point diminishes, indicating the closeness of second order character of the FM-PM transition.
The pressure dependent susceptibility can be calculated by adding a term −HM in the free energy expansion Eq. (2.10) and then the differential equation for susceptibility can be written as 
After simplification, Eq. (2.14) can be rewritten as
2uB . The spread of thermal hysteresis around the FM-PM phase transition point can be calculated from the condition F = F = 0 and is expressed as
where the supercooling temperature T * 1 = T * + η 1 P au . T * * is the temperature of the superheated ferromagnetic phase. Equation (2.16) can be rewritten as As pressure increases, B * starts to decrease and for strong coupling and high value of P , B * < 0 i.e. B < In order to justify our proposed theory, we present our previous experimental work on SSMO single crystal 23, 26 . The effect of external pressure (up to 2 GPa) on the nature of FM to PM phase transition has been studied. With increasing pressure, T F M −P M increases while the width of thermal hysteresis reduces as shown in Fig. (4) . We fit these experimentally measured data points accord- 
C. Effect of chemical substitution on the FM-PM phase transition
Let us now consider the effect of chemical substitution on the FM-PM phase transition. In the case of binary mixture of impurity, the free energy must be expressed in terms of the order parameter and impurity concentration x. The simplest way to take into account the effect of impurity is to introduce the impurity-magnetization coupling terms in the free energy expression which becomes
where A = a(T − T * ). The term Taking the partial derivate of Eq. (2.18) with respect to x, we get we get
Applying Legendre transformation, we have
2G and the renormalized coefficients are given by i.e., FM-PM transition is first-order in nature. Then the concentration dependence of FM-PM transition temperature can be calculated following the procedure as in Eq. (2.14) to get
Similar to the procedure adapted in Eq. (2.16), the width of thermal hysteresis is given by
Equation (2.23) shows that first order FM-PM transition temperatures increases with the increase of concentration. This shows that the coupling constants E and D should be positive. Now for strong coupling constants E and D and higher value of concentration x, B * * < 0, the transition is second order. For a particular value of the concentration x = x tcp , B * * = 0, the first order transition goes to a second order transition. So, there is a crossover from first to second order transition and a tricritical point appears.
From the condition A * * = 0, the second order transition can be expressed as
In our previous experimental study 26 
